The X-ray scanning microscope PtyNAMi at beamline P06 of PETRA III at DESY in Hamburg, Germany, is designed for high-spatial-resolution 3D imaging with high sensitivity. Besides optimizing the coherent flux density on the sample and the precision mechanics of the scanner, special care has been taken to reduce background signals on the detector. The optical path behind the sample is evacuated up until the sensor of a four-megapixel detector that is placed into the vacuum. In this way, parasitic scattering from air and windows close to the detector is avoided. The instrument has been commissioned and is in user operation. The main commissioning results of the low-background detector system are presented. A signal-to-noise model for small object details is derived that includes incoherent background scattering.
INTRODUCTION
In recent years, ptychography has revolutionized X-ray microscopy in that it is able to overcome the diffraction limit of X-ray optics, 1 pushing the spatial resolution limit down to a few nanometers. 2, 3 However, due to the weak interaction of X-rays with matter the detection of small features inside a sample requires a high coherent fluence, 4 a high degree of mechanical stability, and a low background signal from the X-ray microscope. All these requirements need to be fulfilled simultaneously in order to be able to image small and weakly scattering objects at high resolution.
The hard X-ray scanning microscope PtyNAMi at beamline P06 of the synchrotron radiation source PE-TRA III at DESY in Hamburg, Germany, is designed in view of the above-mentioned requirements. It serves as a test bed for high-resolution and high-sensitivity imaging for the future upgrade of PETRA III to the ultralow emittance synchrotron radiation source PETRA IV 5 and is continuously upgraded. The basic design was described in Ref. 6 with a focus on the mechanical stability of the instrument. In this article, we briefly review the instrument and focus on the effects of the instrumental scattering background on the image quality. beam is monochromatized by a fixed-exit double-crystal or channel-cut monochromator (Si 111, vertical reflection). Higher harmonics are rejected by a double bounce total reflection mirror system (horizontal deflection). A subsequent prefocusing system made of a variable set of refractive lenses (automatic lens changer) is used to adjust the lateral coherence length on the entrance slit of the scanner unit (cf. Ref. 7 for the concept). Details about the beamline geometry and the components upstream of the scanner can be found in Ref. 9 .
The current design of the scanning microscope is shown in Figure 1 . The new scanner unit has improved mechanical stability and positioning control compared to the previous design, 9 implements efficient scanning schemes (e. g., fly scans), and allows for flexible and reliable alignment of various X-ray optics [nanofocusing and adiabatically focusing refractive X-ray lenses (NFLs/AFLs), [11] [12] [13] [14] Fresnel zone plates (FZP), and multilayer Laue lenses (MLL) 15 ]. There are two complementary sample scanners available, a very flexible one with tomographic scanning capability and a root-mean-square (rms) positioning stability of ≤ 10 nm and an ultra-stable setup for two-dimensional maps with ≤ 1 nm rms position stability. It is planned to replace the tomography scanner by one with improved positioning stability in the future.
The detector unit has also been completely replaced by the setup shown in Fig. 1a ). The key feature is a flight tube with a windowless in-vacuum pixel detector (Eiger X 4M) for the detection of the (coherent) smallangle X-ray scattering (SAXS) signal for ptychographic imaging. The flight tube includes an optional in-vacuum beamstop to block the direct beam at about 35 mm before the detector. The sample-to-detector distance can be varied continuously between 1440 mm and 3340 mm to adapt the q range for SAXS and ptychography. By changing the configuration of the bellows and vacuum tubes, other distances up to 4000 mm are achievable. The flight tube with the detector can be rotated around the sample position in the horizontal plane by maximally 20 • to detect high-resolution reciprocal space maps, 16 e. g., for Bragg coherent X-ray diffraction imaging (Bragg CXDI). 17 For the in-vacuum system, the angular range is limited due to space constraints inside the hutch. In order to reach higher diffraction angles up to 35 • , the diffraction camera (e. g., Eiger X 4M) can be placed on a variable mount as shown in Fig. 1a ).
The nozzle of the flight tube can be retracted from the sample to make room for the detectors mounted on the near detector table. They are an in-line visible light microscope, a high-resolution X-ray camera, and a PIN diode. In addition, a pixel detector (e. g., Eiger X 4M) can be mounted on the near detector table for collecting wide-angle X-ray scattering (WAXS) data. There are free slots to position other detectors as needed. In order to record the fluorescence radiation from the sample, a silicon drift diode detector (Vortex EM) is positioned to face the sample from the side [cf. 
PTYCHOGRAPHIC IMAGING
To record a ptychogram, the sample is scanned through the laterally confined coherent * hard X-ray beam with sufficient overlap of the illuminated areas of neighboring scan points. 1, 19 At each position of the scan, a far-field (SAXS) diffraction pattern is recorded. From these data, the complex transmission function and the complex illuminating wave field can be reconstructed. 1 In the last decade, ptychography has made significant advances, combining it with tomography, 20-22 absorption spectroscopic/resonant scattering contrast, [23] [24] [25] [26] for characterizing X-ray optics and correcting aberrations. 15, [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] The main advantage of ptychography over conventional scanning microscopy is that its spatial resolution is not limited by the lateral size of the scanning beam but can be significantly higher. 2 As for coherent X-ray diffraction imaging, the spatial resolution is limited by the highest momentum transfer q to which the coherent far-field diffraction pattern can be recorded. Typically, the coherent diffraction signal of a non-periodic object decays strongly with increasing q (i. e., ∝ q −α , α ≈ 4). 37 Ideally, with no instrumental background signal on the detector, the q range in the diffraction pattern and thus the spatial resolution is limited by the photon statistics in the coherent diffraction pattern only. With an incoherent background signal present, however, the weak scattering signal at high q can be covered up. In addition, the background is misinterpreted as coherent diffraction signal unless it is properly modelled and considered in the ptychographic reconstruction. 38, 39 In any case, the reconstruction suffers as compared to one from low-background data. 3 In order to achieve highest sensitivity and resolution, it is thus favorable to reduce background scattering as much as possible in a ptychographic scanning microscope. Scattering in air or off a window close to the detector has the strongest contribution to an incoherent background signal, mainly because the solid angle spanned by the detector is large as seen from the position of the scattering event occurring close to the detector. In PtyNAMi, this is addressed by strongly reducing the number of scatterers in the beam path by placing the pixel detector in a vacuum (p < 1 × 10 −3 mbar) with no window in front of the sensor. The entrance window near the sample (> 3 m away from the detector) can be a single-crystal diamond (thickness: 100 µm) or Kapton window (thickness: 25 µm). amplitude. The Cu2O cubes were grown on the Kapton foil according to the synthesis protocol presented elsewhere. 40, 41 was used to generate the coherent nanobeam at an X-ray energy of E = 9.3 keV. The complex wave field as obtained by ptychography is shown in Fig. 2b) as well as the far-field image of the beam as measured by the Eiger X 4M detector (sample-position-to-detector distance: 3470 mm) for an exposure time of 240 s in Fig. 2c ).
In the case of a nitrogen-filled flight tube at ambient pressure, the background level lies between 4 and 5 orders of magnitude below the brightest parts of the beam [ Fig. 2a) ]. By evacuating the flight tube (p = 8 × 10 −4 mbar), the background can be significantly reduced to the level of 1 × 10 −8 compared to the direct beam [ Fig. 2a) ].
As a result, clean ptychograms can be recorded with high resolution and sensitivity. Fig. 3 shows the ptychographic reconstruction of cubic copper-(I)-oxide particles on a Kapton substrate in phase and amplitude. The ptychogram was recorded about 900 µm downstream of the focus of the above-mentioned Fresnel zone plate with X-rays of E = 9 keV in a jittered grid scan of 20 × 20 steps of 250 nm and a dwell time of 2 s. The Eiger X 4M was placed 3600 mm behind the sample. While the large cubes around 500 nm in size exhibit spatial resolution to the sampling limit (pixel size: 6.64 nm), also smaller nanoparticles can be seen that are a few 10 nm in size and scatter more than three orders of magnitude less than the large cubes. The resolution for these small features is lower.
SENSITIVITY VS. BACKGROUND
In the following, we address the question of how the sensitivity of a ptychographic measurement depends on an incoherent background signal on the detector. Following Ref. 4, a detail or feature is considered separately from the rest of the object, and the question is addressed, under which conditions this feature can be detected. The diffraction pattern including an incoherent background signal can be modelled by
where P ( q) is the number of photons in a pixel of the detector at the reciprocal space position q spanning the solid angle ∆Ω and ψ d ( q) and ψ r ( q) are the complex amplitudes of the incident beam being scattered to q by the given feature or detail and the rest of the object, respectively. 4 I c is the coherent flux density on the sample and ∆t the exposure time. b( q) is the (incoherent) background intensity.
For a small feature in a large sample, |ψ d | 2 |ψ r | 2 , and the interference term 2 (ψ d ( q)ψ * r ( q)) is the leading term in eq. (1) that carries information about the feature. Following a signal-to-background analysis similar to Ref. 4, this interference term lies a factor α (e. g., α = 5 to fulfil the Rose criterion) above the noise level of the rest of the sample and the background if the necessary condition If the feature is not embedded in a more strongly scattering sample, the detector signal is given by
and the signal-to-noise analysis yields the necessary condition for detecting the feature
in analogy to the respective derivation in Ref. 4 .
We analyse the signal-to-background for the ptychogram described in section 3 (Fig. 3 ) and a similar one recorded under the same conditions except for the flight tube being filled with nitrogen at ambient pressure. Fig. 4 shows the azimuthal average over all diffraction patterns of the ptychograms (gray and red solid line, respectively). For the ptychogram that was recorded with the evacuated flight tube, the average diffraction intensity lies well above the background for that case [cf. Fig. 4 (dashed red line) ]. As a result, a faithful reconstruction of the ptychogram is possible without taking an incoherent background into account (cf. Fig. 3 ). † The visibility of features is not significantly affected by the background according to eq. (2).
In the ptychogram recorded with the nitrogen-filled flight tube, the average signal barely emerges from the background in the q range of the ptychogram (left side of the vertical blue line in Fig. 4 ) and is strongly dominated by background for higher q. Nevertheless, for the given sample, the reconstruction works very well [ Fig. 5a ) and b)], since the sharp edges scatter very strongly into a narrow range of reciprocal space, being locally well above the detection limit [cf. Fig. 5d) ]. Overall, the reconstruction is noisier with a stronger variation of the background. In addition, edges of more weakly scattering particles appear blurred compared to the ptychogram recorded with evacuated flight path.
For more weakly scattering objects, such as the cluster of nanoparticles shown in Ref. 3 , small features can only be resolved with an evacuated flight path. So far, the smallest features that could be detected in the hard X-ray range have a size slightly above (10 nm) 3 (cf. Ref. 3) . For objects in the single-digit nanometer range, the scattering signal is about three orders of magnitude weaker. To image these small features, the current configuration may not be sufficient and a further reduction of the background may be needed.
CONCLUSION & OUTLOOK
In the hard X-ray range, the scattering signal from small objects is very weak, often many orders of magnitude weaker than the direct beam in the forward direction. For ptychography, this implies that in order to be able to resolve small and weakly scattering features, the instrumental background has to be as low as possible. The background can arise from the scattering of optical components along the beam path as well as from residual gas along the optical axis. The strongest contribution comes from scatterers close to the detector, as the solid angle of a detector pixel for these scatterers is relatively large.
In PtyNAMi, scattering components along the optical axis close to the detector sensor have been minimized. The last optical component is the entrance window (Kapton or diamond) at > 3000 mm from the sensor. All other optical components are further upstream. The residual gas in the flight tube has a pressure below 1 × 10 −3 mbar. Upstream of the sample, a pinhole shields the scattering radiation from all upstream components. The pinhole is chosen large enough in order not to cut into the nanofocused X-ray beam. With these measures, a background level is achieved that is about 8 orders of magnitude below the direct beam intensity. While this is sufficient to image objects on the scale of several 10 nm with high sensitivity, it will not suffice to image single-digit nanometer objects in the future.
Further experimental analysis is needed to determine the origin of the current background level to make the necessary improvements in view of future ptychographic scanning microscopes at fourth generation synchrotron radiation sources. 5, 42, 43 
